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A Potential Tension-Sensing Mechanism
that Ensures Timely Anaphase Onset
upon Metaphase Spindle Orientation
Their conclusion was based on the fact that latrunculin
B (latB)-treated mad2 cells engaged the SOC, in spite
of the absence of the actomyosin ring [1]. They also
asserted that destruction of both cyclin B (Cdc13p) and
securin (Cut2p) in latB-treated wild-type cells occurred
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The National University of Singapore with normal kinetics, suggesting that the SOC did not
involve inhibition of the anaphase-promoting complex117604 Singapore
Republic of Singapore (APC) [1]. Yet, we have previously shown that asterless
mia1 cells, defective in spindle orientation, exhibited
high Cdc13p levels throughout the metaphase delay [2].
Here, we assessed Cdc13p-YFP levels [9] in latrun-Summary
culin A (latA)-treated cells by fluorescence microscopy.
We utilized a temperature-sensitive cdc25-22 mutant asThe spindle orientation checkpoint (SOC) in fission
a means to synchronize cells at the G2/M boundary inyeast has been proposed to delay metaphase-to-ana-
order to bypass the size-dependent mitotic entry check-phase transition when the spindle poles are misaligned
point [10]. Experiments were performed as described inwith respect to the long axis of the cell. This check-
the Experimental Procedures section. We found thatpoint is activated in the absence of either an actomyo-
latA-treated Cdc13p-YFP cdc25-22 cells delayed insin division ring [1] or astral microtubules [2]. Although
metaphase for20 min, as compared to DMSO-treatedthe SOC could be overridden in the absence of the
control, with Cdc13p-YFP localizing to spindles, spindletranscription factor Atf1p, its mechanistic nature re-
pole bodies (SPBs), and nucleoplasm throughout themained unclear. Here, we show that the SOC-triggered
delay (Figures 1A and 1B). Similar results were obtainedmetaphase delay depends on a subset of the spindle
using 10 M latA [10] and 10 M latB [1] (Figures S1Aassembly checkpoint (SAC) components Mph1p and
and S1B). Using Cut2p-GFP [11] cdc25-22 cells, we alsoBub1p. Based on this finding and a detailed imaging
found that securin levels remained unchanged duringof the spindle orientation process, we hypothesized
latA-induced metaphase block (Figures 1C and 1D). Wethat the spindle pole might contain proteins capable
concluded that the APC was inhibited and CDK activityof sensing the achievement of spindle alignment. We
remained high when SOC was activated.identified the kendrin-like spindle pole body resident
We then checked whether the latA-induced meta-Pcp1p as a candidate molecule. A targeted mutation
phase delay could be abrogated in the absence of par-in its central domain specifically triggered the SOC in
ticular SAC components. After analyzing a panel of SACspite of the presence of oriented spindles, causing a
deletion mutants, we concluded that Mph1p and Bub1p,metaphase delay that could be relieved in the absence
but not Mad2p, Mad3p, and Bub3p, were involved inof Mph1p, Bub1p, and Atf1p. Thus, Pcp1p might pro-
maintaining the delay (Figures 1E–1I). Strikingly, we alsovide a link between the mechanical process of spindle
found that cells lacking Atf1p, the proposed effector foralignment and the signal transduction that initiates
the SOC [1], were hypersensitive to low doses of theanaphase.
microtubule-destabilizing drug MBC, similar to the de
facto SAC components’ mutants (Figure 1J and data
Results and Discussion not shown). Thus, it is possible that alleviation of the
SOC in atf1 cells might be the result of compromised
A correct orientation of the metaphase spindle lies at SAC function. The role of the SAC in monitoring spindle
the heart of many developmental decisions [3–5]. How orientation could not be determined using the asterless
do cells monitor an achievement of “correct” orientation mia1mutant [2] owing to compound problems in kinet-
and translate it into initiation of subsequent mitotic ochore attachment and spindle alignment in these cells
events? Work in budding yeast has uncovered mecha- [12, 13]. Our results so far indicated that the SOC was
nisms by which such signals can be generated in asym- a facet of the SAC, since a subset of SAC components
metrically dividing cells [6–8]. However, virtually nothing monitored metaphase spindle orientation.
is known about corresponding mechanisms in cells with What could be the nature of the signal that promotes
symmetric division patterns. There is evidence for exis- anaphase upon spindle alignment? To get an insight
tence of a spindle orientation checkpoint (SOC) in the into this process, we analyzed the dynamics of spindle
fission yeast Schizosaccharomyces pombe (S. pombe) orientation. We performed time-lapse analyses of mi-
that delays metaphase-to-anaphase transition until the totic cells simultaneously expressing -tubulin-EGFP
spindle is approximately perpendicular to the actomyo- [14] and the actomyosin ring marker Rlc1p-EGFP [15,
sin ring [1, 2]. 16] (n  25, Figure 2 and movie S1). As the spindle
Gachet et al. proposed that the SOC depended on reached its full metaphase length and Rlc1p-EGFP
some components of the MAP kinase cascade and was formed a distinct ring-like structure (Figure 2, time points
distinct from the spindle assembly checkpoint (SAC) [1]. 4 min, 45 s onward), we detected astral microtubules
interacting with and eventually converging at the medial
cortex. As the asters interacted with the cortex, we also*Correspondence: snejana@tll.org.sg
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Figure 1. A Subset of SAC Components Functions to Monitor Defects in Spindle Orientation
(A) Cdc13p-YFP remains on all nuclear structures for the duration of LatA-induced metaphase arrest as shown in these YFP epifluorescence
images of Cdc13p-YFP cdc25-22 cells. Time refers to minutes after release to the permissive temperature of 24C.
(B) Percentage of cells with Cdc13p-YFP on short spindles and percentage of binucleates in Cdc13p-YFP cdc25-22 cells treated with 50 M
LatA or DMSO (n  100 cells).
(C) Cut2p-GFP remains undestroyed during LatA-induced mitotic block.
(D–I) In (D), shown is the percentage of cells with nuclear securin and percentage of binucleates in Cut2p-GFP cdc25-22 cells treated with
50 M LatA or DMSO (n  100 cells). Lack of either Mph1p (E) or Bub1p (F), but not Mad2p (G), Mad3p (H), or Bub3p (I), alleviated a delay
in emergence of binucleate cells when cdc25-22 cells treated with 50 M LatA were synchronously released into mitosis (n  500 cells for
each time point).
(J) Serial dilutions of atf1, mph1, mad2, bub1, and wild-type cells were spotted on YES control plates and YES plates containing 7 g/
ml of methyl-1-(butylcarbamoyl)-2-benzimidizolecarbamate (MBC).
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Figure 2. Astral Microtubules Converge at
the Cortex Prior to Anaphase Onset
Time-lapse sequence of spindle and ring dy-
namics in wild-type cell expressing -tubulin-
EGFP and Rlc1p-EGFP. Numbers refer to the
time (minutes and seconds) in the sequence.
observed the alignment of SPBs along the long axis of Pcp1p (ORF SPAC6G9.06c) is a Spc110p/kendrin or-
tholog in S. pombe [24]. It is an essential protein exhib-the cell (compare time points 3 min, 15 s through 6 min,
30 s). The spindle maintained constant length from time iting conservation of major structural features along the
entire amino acid sequence with an exception of anpoint 4 min, 45 s to time point 8 min, 00 s and initiated
anaphase elongation at time point 8 min, 15 s. Anaphase extended N terminus [24]. In order to assess the poten-
tial role of Pcp1p’s central coiled-coil domain in sensingmovement thus appeared to be directly preceded by
the convergence of astral microtubules at the medial spindle alignment, we replaced the wild-type copy of
pcp1 with its in-frame deletion mutant pcp1400-900cortex.
From analysis of time-lapse sequences, it appeared in which the coiled-coil domain, conserved between
Spc110p and Pcp1p, was largely absent (Figure S2A).that upon interaction with the cortex, growing astral
microtubules exerted physical force on the SPBs induc- Cells containing pcp1400–900 as a sole copy of the
gene were viable and exhibited very few alterations ining their alignment. Hence, astral microtubules, the me-
dial cortex, and the metaphase spindle could be repre- the microtubule cytoskeleton as described below. Strik-
ingly, a major discernable phenotype was an enrichmentsented as a mechanical system. The nuclear envelope is
believed to be continuous with the cortical endoplasmic of metaphase cells in an asynchronously growing popu-
lation (Figure 3A). 11.2%  2.15% pcp1400–900 cellsreticulum in fungi [17], anchoring the nucleus and pro-
viding a mechanical constraint on the system. It is appar- exhibited short metaphase spindles and nonsegregated
condensed chromosomes as compared to 2.1% ent that aster-generated forces acting on the SPBs are
strongest when the asters converge at the cortex and 1.45% wild-type cells. Interestingly, metaphase spindles
in pcp1400–900 were slightly longer than wild-type:the spindle is aligned. Thus, an increase in the compo-
nent of the force pushing the spindle poles apart could 2.51  0.34 m as compared to 2.01  0.2 m, respec-
tively (n  20). To confirm that pcp1400–900 cells de-be predicted. Since the metaphase spindle maintains a
nearly constant length [18–20], we hypothesized that a layed in metaphase, we synchronously released these
cells into mitosis using the cdc25-22 temperature-sensi-net increase in force production might lead to displace-
ment of the SPB away from the spindle minus ends. tive mutation. pcp1400–900 cdc25-22 cells delayed in
metaphase for approximately 15–20 min as comparedPotentially, such displacement could be detected by a
“sensor” molecule and signal to turn off the SOC. to the cdc25-22 control (Figure 3B). pcp1400–900 cells
with short spindles and nonsegregated chromosomesIn our model, such a molecule should form a connec-
tion between the SPB core and spindle microtubules exhibited high levels of cyclin B, as judged by immuno-
fluorescence analysis of pcp1400-900 cdc13-YFP [9]and, preferably, possess structural features allowing it
to act as a force transducer. Kendrin-like proteins are cultures, consistent with their metaphase state (Figure
3C). A majority of short spindles in the pcp1400–900appealing candidates. They are conserved throughout
evolution and are thought to connect centrosomal/SPB population were oriented with respect to the long axis
of the cell: the mean angle of displacement was 19.9 matrix to the minus ends of spindle microtubules [21–
26]. Kilmartin and colleagues suggested that the central 13.1 (n 16), as compared to 16 10.8 (n 16) in wild-
type, as previously determined [2]. Thus, pcp1400-900heptad repeat-rich coiled-coil region of the Saccaro-
myces cerevisiae kendrin Spc110p acts as a SPB/spin- cells are delayed in metaphase with high levels of cyclin
B and oriented spindles.dle spacer. Cells expressing ever larger in-frame dele-
tions of this domain, exhibit decreasing distance We then checked whether the metaphase delay expe-
rienced by pcp1400–900 cells was SOC related. Intro-between the spindle and the SPBs [21]. Thus, kendrins
possess features that in principle could allow them to duction of either mph1 or bub1 deletions in the
pcp1400–900 background led to a drastic drop in thedetect the displacement of SPBs with respect to spindle
minus ends. In the absence of such a structural unit, number of metaphase cells (2.1%  1.1% and 2.2% 
1.8% respectively), bringing it to wild-type levels (Figurespindle alignment should proceed normally, but the SOC
would remain engaged. 3A). Additionally, deletion of atf1 in the pcp1400–900
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Figure 3. A Central Coiled-Coil Domain of Pcp1p Is Important for Sensing Spindle Orientation
(A) Percentage of metaphase cells in wild-type, pcp1400-900, pcp1400-900 mph1, pcp1400-900 bub1, pcp1400-900 mad2, pcp1400-
900 dma1, pcp1400-900 mad1, pcp1400-900 mad3, pcp1400-900 bub3, and pcp1400-900 atf1 strains. Values are mean  SD
(n  1000 cells).
(B) Synchronous release of cdc25-22 and pcp1400-900 cdc25-22 cells from the G2 block shows that pcp1400-900 are delayed in progression
through metaphase (n  500 for each time point).
(C) Immunofluorescence analysis of pcp1400-900 cdc13p-YFP cells with short spindles confirms high cyclin B levels during this mitotic
block.
(D) Time-lapse sequence of spindle dynamics in pcp1400–900 cells expressing -tubulin-EGFP. Numbers refer to the time (minutes and
seconds) in the sequence.
(E) Percentage of metaphase cells in pcp1-Myo2CC-400-900 cells as compared to wild-type. Values are mean  SD (n  1000 cells).
cells also alleviated the mitotic delay (Figure 3A). On structure that senses the achievement of proper
alignment.the contrary, deletions of mad2, mad1, bub3, and
dma1 [27] in the pcp1400–900 background did not To answer whether this was a unique quality of the
Pcp1p coiled-coil domain, we checked whether do-abolish the delay (Figure 3A), though the pcp1400–900
mad3 double mutant exhibited a slight decrease in the mains with somewhat similar secondary structures
could substitute for its function. We generated a strainnumber of metaphase cells (7%).
Time-lapse analysis of spindle dynamics in pcp1400– (pcp1-Myo2CC-400–900) in which the coiled-coil do-
main of Pcp1p was replaced by a part of the C-terminal900 cells suggested that anaphase spindle elongation
was delayed in spite of active spindle movements, multi- coiled-coil domain of the type II myosin Myo2p (amino
acids 900–1351) (Figure S2B). Myo2p C-terminal coiled-ple instances of astral microtubules/cortex interactions,
and possibility of orienting the spindle (n  20; Figure coil was proposed to form a rod-like structure [28], a
property similar to that of the Spc110p coiled-coil [21].3D and movie S2). Taken together, these data place
the central coiled-coil domain of Pcp1p in the spindle The mitotic phenotype of an asynchronously growing
pcp1-Myo2CC-400–900 cell population was compara-orientation pathway and suggest that it might act as a
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cells. Development 130, 3767–3780.
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retina. Development 130, 2329–2339.Myo2CC-400–900 cells occurred normally as the mean
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tem. Nat. Cell Biol. 2, 7–12.
primary amino acid sequence encoding specific struc- 6. Carminati, J.L., and Stearns, T. (1997). Microtubules orient the
tural features that could be important for detecting spin- mitotic spindle in yeast through dynein-dependent interactions
with the cell cortex. J. Cell Biol. 138, 629–641.dle alignment.
7. Yin, H., Pruyne, D., Huffaker, T.C., and Bretscher, A. (2000).In conclusion, our experiments indicate that a subset
Myosin V orientates the mitotic spindle in yeast. Nature 406,of SAC components monitors alignment of the meta-
1013–1015.phase spindle in fission yeast. They also implicate that 8. Liakopoulos, D., Kusch, J., Grava, S., Vogel, J., and Barral,
the kendrin-like SPB protein Pcp1p functions in this Y. (2003). Asymmetric loading of Kar9 onto spindle poles and
process. We would like to suggest that the central microtubules ensures proper spindle alignment. Cell 112,
561–574.coiled-coil domain of Pcp1p might detect a net increase
9. Decottignies, A., Zarzov, P., and Nurse, P. (2001). In vivo locali-in force developing at the SPBs upon spindle orientation
sation of fission yeast cyclin-dependent kinase cdc2p and cyclinand signal to disengage the SOC. An exciting possibility
B cdc13p during mitosis and meiosis. J. Cell Sci. 114, 2627–
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degree of conformational change upon spindle align- 10. Rupes, I., Webb, B.A., Mak, A., and Young, P.G. (2001). G2/M
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